Mysids are known for benthic-pelagic diel vertical migration (DVM), where the population is benthic by day and pelagic by night. However, historical and recent observations in members of the Mysis relicta complex suggests populations exhibit partial DVM, with some remaining benthic at night. We used pelagic net and benthic sled tows to assess diel habitat use by Mysis diluviana at two stations (60 and 100 m deep) in Lake Champlain, USA, during JuneNovember 2015. At both stations, mysids were on the bottom both day and night, but the extent of pelagic habitat use by Mysis varied by site depth. At 60-m, pelagic densities were an order of magnitude lower during the day compared to at night, indicative of benthic-pelagic DVM. Contrary to expectations, we found no diel difference between pelagic and benthic sled density estimates at 100-m, suggesting an equal number of Mysis are benthic day and night, and an equal number are pelagic-day and night at deeper sites. Mean body length of benthic-caught mysids was greater than pelagic-caught individuals, a pattern that was evident both day and night at 100-m. Our findings indicate Mysis partial DVM is common across seasons and influenced by body size and depth.
evolution of DVM in invertebrates is that it represents a strategy to minimize an individual's predation-risk (μ) relative to its growth potential (g) (i.e. μ/g ratio) to optimize energetic gains relative to survival probability (Zaret and Suffern, 1976; Loose and Dawidowicz, 1994; Hays, 2003) .
Support for the predator avoidance hypothesis in pelagic plankton has come from models (Fiksen and Carlotti, 1998; De Robertis, 2002) , experiments (Johnsen and Jakobsen, 1987; Lampert, 2005) , and field observations (Ringelberg, 1991; Bollens et al., 1992) . However, DVM behavior can vary within and among populations (Gliwicz, 1986; Ringelberg, 1991; Ringelberg et al., 1997) . For example, species known to exhibit DVM also demonstrate the capacity to undergo reverse migration (i.e. migrating down in the water column at night, Jensen et al., 2011) or partial migration (Mehner, 2012) , further highlighting the importance of considering intraspecific variation in unraveling migration decisionmaking processes. While variability in DVM behavior has been recognized (Bollens and Frost, 1989; Hays et al., 2001; Mehner and Kasprzak, 2011) , the assumption remains that organisms undergoing DVM represent most of the population (Ringelberg, 2010) .
Developments in DVM theory for zooplankton have come mainly through studies of holoplankton (Hays, 2003; Pearre, 2003; Lampert, 2005; Cohen and Forward, 2009; Ringelberg, 2010) . Meroplankton, however, also undergo substantial DVM, shifting from benthic to pelagic habitats and consuming both benthic and pelagic resources (Johannsson et al., 2001; Jumars, 2007; Schmidt et al., 2011; Sierszen et al., 2011) . In freshwater lakes, meroplankton in the Mysis relicta complex exhibit some of the most extensive DVM, migrating hundreds of meters in a single night (Beeton, 1960; Ahrenstroff et al., 2011) . If Mysis follow classic DVM theory, then the population should migrate into the water column at night to secure necessary resources for growth while minimizing predation-risk from visual predators. Consistent with theory, one assumption for why Mysis perform DVM is that they require high-energy zooplankton prey, in comparison to just feeding on presumed low-energy benthic resources. However, benthic resources can account for a substantial portion of Mysis' diet (Johannsson et al., 2001; Sierszen et al., 2011) , which challenges the conventional template of a "one-way" vertical gradient in food potential used in DVM theory (Lampert, 1989 (Lampert, , 1993 Ringelberg, 2010; Mehner, 2012) . The benthic environment has been largely ignored when addressing μ/g tradeoffs hypothesized to dictate Mysis DVM behavior, likely because of inherent assumptions with the predator avoidance hypothesis for DVM and vertical structure of food in the pelagic environment (Boscarino et al., 2009; Ahrenstorff et al., 2011) . Equally plausible, yet untested, is the hypothesis that Mysis prefer to remain benthic and only migrate into the water column when required.
Previous studies on diel benthic-pelagic habitat use by Mysis suggest they exhibit partial DVM, whereby portions of the population occur in both habitats at night (Bowers, 1988; Moen and Langeland, 1989; Rudstam et al., 1989) . Existing hypotheses to explain partial migrations in invertebrates, however, have not yet been widely studied . Insights on partial DVM in other aquatic species provide a starting point to test for mechanisms in Mysis partial DVM. Variability in DVM within a population could be related to individual body condition (Hays et al., 2001) . The fasting endurance hypothesis predicts that smaller-sized individuals deplete resource stores faster, and therefore are more likely to migrate than larger individuals that use resources more efficiently . Size-dependent predation vulnerability could also explain potential size differences in migrants and non-migrants (Hays, 1995; Hansson and Hylander, 2009; Skov et al., 2011) . Larger individuals in a population remain in habitats with low risk and low growth potential compared to smaller individuals (Hays, 1995) . Under the size predation hypothesis, larger Mysis are more likely to be found on or near the lake bottom at night to reduce risk of predation compared to smaller Mysis. Mysis are also cannibalistic (Nordin et al., 2008) and juveniles can detect and avoid chemical cues of larger mysids (Quirt and Lasenby, 2002) . Therefore, an alternative hypothesis is that DVM is largely a juvenile tactic to avoid cannibalism by benthic adults. In Lake Champlain, USA, nonmigrant mysids (i.e. benthic-caught at night) collected in late-autumn were larger on average than migrants (Euclide et al., 2017) . Because seasonal dynamics of pelagic production, light levels and thermal stratification could create conditions where migration is more or less profitable for some size classes at different times of year, length data on migrant and non-migrant Mysis from other times of the year are needed to test if body size differences are maintained across seasons.
Here, we further test the hypothesis that mysids exhibit partial DVM by exploring partial DVM of Mysis diluviana in Lake Champlain, USA. We used monthly sampling of benthic and pelagic habitats to identify if Mysis were present on the bottom and in the water column at night across seasons (June-November 2015) , and to test for differences in day and night density estimates and demographic data (body size, sex, and life-stage) within and among each habitat type. Because conventional DVM theory predicts that Mysis should migrate from the bottom, where they reside during day, up into the water column at night (Grossnickle and Morgan, 1979) , we predicted that day-pelagic densities would be less than night-pelagic densities. Similarly, we expected patterns in day to night-benthic densities to be opposite to pelagic densities, higher densities of benthic Mysis during the day than at night. Using individual body size and demographic data, we evaluated if differences existed between migrants and non-migrants across months. We predicted that non-migrants would be larger and consist of a higher proportion of females than migrants across all seasons. Based on Mysis life-history, we predicted differences in mean body size of migrants and nonmigrants would decline from spring to autumn, due to the maturation of a mostly juvenile population in spring to an adult dominated population by late-autumn.
M E T H O D
Mysis diluviana was sampled monthly from June to November 2015 in the main basin of Lake Champlain, USA. Collections were made during the day and night from pelagic and benthic habitats at two sites with bottom depths of 60 and 100 m (Fig. 1) . Visual inspection of substrate indicated fine sediment of similar color at both sites. The main basin of Lake Champlain is considered mesotrophic with Secchi depth ranging from 4 to 6 m (Smeltzer et al., 2012; Xu et al., 2015) . Day samples were collected at least 2 h before sunset, and night samples at least 1 h after sunset between 21:00-01:00. Sampling concluded several hours prior to sunrise. Temperature profiles were collected using a Seabird CTD. For each site-month, three replicate pelagic samples were collected using a 1 m −2 square-frame net (1000-μm mesh, 250-μm cod-end) towed vertically through the water column from 2 m above bottom to the surface, following standard collection procedures for estimating pelagic Mysis density in Lake Champlain and other North American lakes (Ball et al., 2015; EPA, 2015) . Day and night-pelagic densities (individuals m −2 ) for each sitemonth were estimated as the mean of the three replicates. Only two replicates were collected for pelagic sampling at the 60-m site in July during the day. Day and nightbenthic densities at each site-month were estimated by the mean of two replicate samples. Benthic samples were collected using a benthic sled (opening 0.46 m × 0.26 m; 1000-μm mesh, 250-μm cod-end) towed for 5 min along bottom at a vessel speed of 0.8 m sec −1
. Upon retrieval, contents of each replicate were rinsed into a separate jar. Start and end coordinates were used to estimate tow distance and vessel speed for benthic transects (mean distance 0.20 km). Beginning in August, a depth sensor (TDR-MK9, Wildlife Computers) was attached to the benthic sled to measure contact time with the bottom. The sensor showed that at vessel speeds of 0.8 m s −1 the sled remained in contact with the lake bottom for the duration of the benthic tow. Area swept for each benthic sled tow was estimated as the distance traveled multiplied by the sled opening width, and was used to estimate benthic density (individuals m
−2
). All samples were stored in ethanol for laboratory processing. Nets were not equipped with flowmeters. Due to the large mesh size of each gear and previous observations, we assumed 100% filtration efficiency when calculating densities.
Because, the benthic sled was open on deployment and retrieval and could potentially catch pelagic mysids, additional tows were taken to check how many mysids were sampled in the water column by the sled. Immediately after benthic sample collections in August and September (at night), the benthic sled was deployed using the same amount of cable as standard tows until it reached bottom, then was immediately retrieved. Any mysids collected were assumed to be pelagic-caught (sensu Rudstam et al., 1989) and considered a maximum estimate since some benthic mysids could still be collected just as the sled reached the bottom. When the mean of two reps was subtracted from the total catch of benthic sled samples, the difference suggested that only a small percentage of mysids in benthic samples were captured during descent or ascent (Table I , mean = 5.5%). Because the number of individuals collected was small and likely even lower during day sampling, we did not adjust total catch of benthic samples for the amount captured in the water column.
Mysids were counted and measured from the tip of the rostrum to the tip of the telson at 10X under an Olympus SZX dissecting scope equipped with a calibrated digitizing tablet. Sex was determined on mysids >10 mm. Mysids <10 mm were classified as juveniles. Benthic sled catches were occasionally high (exceeding 4 000 individuals), thus length measurements were only taken on a subset of 200 randomly selected individuals per sample.
To test for partial DVM in Lake Champlain, we assessed monthly estimates of Mysis in the water column and on the bottom, both day and night. During the day, more mysids should be found on the bottom as migrants return from nightly foraging. Therefore, we predicted benthic densities from benthic sled tows would be higher during the day than at night. We used paired t-tests to evaluate the hypothesis that day density is greater than night density for sled density estimates. Day-night-pelagic sampling should mirror changes observed in the benthos because our pelagic net samples were towed through nearly the entire water column, from 2 m above the bottom to surface. We tested if night-pelagic density was greater than day-pelagic density using paired t-tests.
Mean lengths of benthic and pelagic individuals collected at night and during the day were compared using paired t-tests across months for each site, both within (e.g. benthic day vs. benthic night) and across habitat types (e.g. benthic day vs. pelagic-day). Because day-pelagic Mysis were rare at the 60-m station, we only compared day-night lengths from our 100-m station. Differences in the proportion of juveniles (<10 mm), females, and males between night-benthic and night-pelagic samples were assessed using chi-squared tests. For all statistical tests, α = 0.05 was used as a cutoff for significance. Values are the mean of two replicates.


R E S U L T S
We found evidence of partial DVM by Mysis at both sites in Lake Champlain across all sampled months. Mysids were abundant on the bottom at night each month sampled (Fig. 2 bottom) . Day-night comparisons of benthic sled data revealed different results depending on site depth (Fig. 2 bottom) . Consistent with predictions about Mysis DVM, mean (±SD) benthic sled density during the day at 60 m (18.5 ± 13.5 Mysis m −2
) was higher than at night (9.7 ± 7.4 Mysis m −2 ; paired t-test: t 5 = 2.83, P < 0.05). However, at 100 m, no difference was observed between mean day (19.3 ± 11.9) and mean night (17.6 ± 12.6) benthic sled densities (paired ttest: t 5 = 0.43, P > 0.05). Day-night comparisons of pelagic densities (Fig. 2 top) yielded similar findings to benthic sled results, no difference at 100 m (paired t-test: t 5 = −0.92, P > 0.05) between pelagic-day (70.5 ± 44.3) and pelagic-night (105.0 ± 91.5), but a significant difference at 60 m (paired t-test: t 5 = −7.35, P < 0.01) with an order of magnitude more pelagic Mysis detected at night (67.8 ± 23.6) than during the day (5.0 ± 5.7).
Mean body length of Mysis differed between benthic and pelagic individuals at night (Fig. 3) . At the 60-m site (Fig. 3 Left), mean (±SD) length of benthic-caught Mysis (13.4 ± 0.9 mm) was greater than pelagic-caught individuals (10.2 ± 0.7 mm; paired t-test t 5 = 6.24, P < 0.01). Similarly, at the 100-m site (Fig. 3 Mid), mean length of benthic-caught individuals (15.8 ± 0.6 mm) was greater than pelagic-caught at night (10.7 ± 2.0 mm; t 5 = 5.09, P < 0.01). Overall, the difference between mean length of night-benthic and night-pelagic individuals decreased as a function of sampling date (P < 0.01, R 2 = 0.54) from a difference of 6.4 mm in June to 1.4 mm in November (Supplementary Material 1) . Pooling lengths across all months, size-frequency distributions were skewed towards smaller individuals in night-pelagic samples (Fig. 4) . More than 60-80% of Mysis encountered in night-benthic sampling, at 60 and 100-m respectively, were individuals >12 mm in length (Fig. 4) .
Mean body length also differed between benthic and pelagic individuals during the day at the 100-m site (Fig. 3 Right). Consistent with our observations at night, mean length of day-benthic individuals (15.6 ± 0.8 mm) was greater than day-pelagic (10.1 ± 3.1 mm; t 5 = 3.59, P < 0.05). Mean length of pelagic-caught mysids was similar between day and night collections (day = 10.1 ± 3.1 mm; night = 10.7 ± 2.0 mm; t 5 = −0.75, P > 0.05). Similarly, we found no difference in mean length of benthic-caught mysids between day and night at 100-m (day = 15.6 ± 0.8 mm; night = 15.8 ± 0.6 mm; t 5 = −0.75, Fig. 2 . Day-night comparison of pelagic density of Mysis (top) estimated from vertical net tows from 2 m above lake bottom to surface tows in Lake Champlain 2015, and benthic Mysis density (bottom) estimated from benthic sled tows at 60-(left) and 100-m sites (right). Open bars are day samples and filled bars are night samples (+SD). P > 0.05). Because too few individuals were collected in day-pelagic samples at 60-m, mean body length from day to night was only compared for benthic sled samples from this site. Mean body length in benthic sled samples at 60-m was lower during the day compared to at night (day = 12.5 ± 1.2 mm; night = 13.4 ± 0.9 mm; t 5 = −3.35, P < 0.05).
Chi-squared analyses revealed significant differences in life-stage composition (juveniles, females, males) between night-benthic and night-pelagic samples for each month (Table II) . Night-pelagic samples comprised mostly juvenile mysids (mean across sites = 49.9 ± 16.0%; Fig. 5 ), followed by mature females (29.9 ± 8.4%) and mature males (20.2 ± 12.3%). Nightbenthic sled samples comprised mostly mature females (63.8 ± 13.1%), followed by mature males (26.9 ± 11.4%) and juveniles (9.4 ± 7.0%; Fig. 5 ). The proportion of mature males in pelagic samples increased from June to November at 100-m, but at 60-m the difference in males from June to November was much smaller (Fig. 5) .
D I S C U S S I O N
Overall, we found consistent evidence of partial DVM by Mysis across all sampling dates. Mysis occurred in the water column and on the bottom, each night, which agrees with similar studies on the vertical distribution of Mysis spp. in other systems (Moen and Langeland, 1989; Rudstam et al. 1989) . Our results suggest that Mysis were not only present on the bottom at night, but that benthic individuals were also larger on average than pelagic individuals, suggesting that variability in Mysis DVM behavior can at least be partly explained by body size. The difference in average length between benthic and pelagic Mysis at night agreed with previous findings in Lake Champlain (Euclide et al. 2017) . In addition, our seasonal sampling revealed the difference in mean length between benthic and pelagic Mysis at night decreased from June to November, and mean body size of pelagic and benthic Mysis did not change from day to night within a month. Differences in male to female ratios between migrants and non-migrants were evident, with proportionally more females found in night-benthic samples than night-pelagic samples. Length and lifestage differences are consistent with several hypotheses for partial DVM , but difficult to differentiate given the current state of knowledge.
The difference in mean body size observed between benthic and pelagic individuals at night became less pronounced as the season progressed, likely reflecting the maturation of spring recruits in pelagic samples to adult stages. Mysis typically breed in late-autumn through winter, with spring and summer cohorts produced annually (Mauchline, 1980) . In Lake Champlain, previous Mysis studies using pelagic-day and pelagic-night sampling found distinct juvenile cohorts in spring and summer, transitioning to mostly large individuals in autumn (Ball et al., 2015; Hrycik et al., 2015) . Our day and night-pelagic sampling revealed a similar life-history progression, with a high proportion of juveniles in spring-summer months. In contrast, our benthic sampling routinely showed high proportions of adult size classes were present even during summer months.
The mean length of benthic Mysis was consistently greater at our deep site compared to the shallow site. Similar increases in Mysis size with bathymetric depth have been reported from the Great Lakes (Johannsson, 1995; Pothoven et al., 2000) . Variation in body size as a function of bottom depth could be related to horizontal migration or differences in growth and maturity. Horizontal migration of Mysis has been reported from other systems, although interpretation of such patterns seems to vary by system. For example, Moen and Langeland (1989) reported Mysis horizontal distributions follow a seasonal pattern with large Mysis occupying shallow waters in spring, likely to release their young in these shallow waters, then move back to deeper waters. In contrast, horizontal migration reported by Morgan and Threlkeld (1982) indicated that large Mysis remained deep yearround, and only small Mysis disperse into shallow depth zones. In total, seasonal differences in body length with bathymetric depth in Lake Champlain were apparent in our sampling and suggest that larger Mysis remain in deep waters throughout the year while smaller sizes were found at our shallower site. Body size differences between benthic and pelagic individuals at night could relate to multiple hypotheses for partial migration behavior in populations. Several studies have found evidence for size-structured vertical distribution of pelagic Mysis with smaller individuals higher up in the water column (Boscarino et al., 2009; Ogonowski et al., 2013) . Based on our size-frequency data, we found that the size-structured vertical distribution of mysids continues from pelagic all the way to benthic habitat as well, with larger individuals occurring on the bottom. Experimental work suggests juvenile Mysis can tolerate higher temperature and that adults tend to remain below 6°C during DVM with increased mortality at temperatures >12°C (Rudstam et al., 1999; Boscarino et al., 2009 Boscarino et al., , 2010 . If temperature preferences of Lake Ontario Mysis are similar in Lake Champlain populations, then adult Mysis in Lake Champlain could potentially be seeking benthic habitat as a thermal refuge during autumn months when hypolimnetic temperatures exceed 6°C (Supplementary Material 2). Thermal refuge, however, would not explain sizedependent partial DVM in other seasons when hypolimnetic temperatures are cooler and large individuals were still common on bottom.
Resource and habitat preferences of individuals can shift with ontogeny from maximizing somatic growth when young to maximizing reproductive output as adults. Experimental evidence suggests that foraging rates of Mysis are higher at intermediate water temperatures and light levels, relative to conditions normally experienced at deeper lake depths (Ramcharan and Sprules, 1986; Rudstam et al., 1999) . Furthermore, juvenile mysids maximize their growth at higher temperatures than adults suggesting growth advantages exist for pelagic juveniles. Mysis may feed more efficiently on plankton prey by migrating into sub-thermocline habitat where light levels, temperature and prey densities are higher than near the lake bottom. However, lipid accumulation rates are greater at cooler water temperatures (Chess and Stanford, 1999) suggesting alternative growth and survival advantages associated with remaining at depth if adequate food supply (detritus and benthic invertebrates; Parker, 1980) is available, especially for adult size classes. Moreover, building sufficient lipid reserves is often critical for winter survival and increased reproductive success (Hagen et al., 1996) , therefore, remaining benthic could be an energetic strategy for adults to increase reproductive success rather than to increase somatic growth. To evaluate growth-related hypotheses, a comparison of growth rates by different size classes on strict diets of pelagic or benthic food resources is needed to fully explore Mysis life-history tradeoffs in resource use.
Our data suggest that during day, the proportion of benthic and pelagic individuals varies by site depth. At our shallow site, a high degree of benthic-pelagic DVM was evident; that is, pelagic Mysis were rare during day compared to night. However, at our deeper site, we did not find a difference in day to night-pelagic density suggesting that a similar number of Mysis were pelagic regardless of the time of day. Such depth-specific differences in DVM patterns could have important consequences for understanding Mysis DVM; the benthicpelagic function of Mysis is misrepresented if a substantial amount remains pelagic during the day. Previous work at 100-m in Lake Champlain detected Mysis as far as 40 m off bottom during the day, with no apparent differences in day-night-pelagic densities (Ball et al. 2015; Hrycik et al. 2015) . At extremely deep sites, benthic-pelagic DVM might not be energetically feasible for Mysis if distance from the thermocline to the bottom exceeds some energetic threshold (Morgan et al., 1978) . Instead, migrating from deep to shallow pelagic habitat might be advantageous for some individuals, while remaining benthic is better for others. Therefore, at deep sites, a working hypothesis for no difference between day-night-pelagic density is that pelagic Mysis during day are the same group of pelagic individuals observed at night. Likewise, no day-night difference in benthic Mysis density suggests potential for a benthic population, mainly composed of adult stages that likely use benthic food resources to a much greater extent than pelagic Mysis. Previous work that identified differences in C: N ratios between benthic and pelagic Mysis at night (Euclide et al., 2017) supports our working hypothesis. Future studies that test if daysuspending Mysis are the same pelagic individuals at night could fill in key assumptions about the benthic-pelagic nutrient flux by Mysis DVM.
Our sampling method used different gears, which is not necessarily ideal for comparing across habitat types that vary in structure and dimensions. Several previous studies have reported biases depending on gear types or dimensions (net width, mesh, tow speed), making comparisons across gear types difficult (De Bernardi, 1984; Pepin and Shears, 1997) . Repeated sampling with the same gear type is useful for diel comparisons. Thus, to control for net or habitat effects, we restricted our daynight comparison to within gear types. In comparing benthic-pelagic net-based estimates, we controlled for net mesh effects by using the same mesh size for both the benthic sled and pelagic net. The net opening of the benthic sled (0.12 m 2 ), however, was smaller compared to the 1 m 2 pelagic net opening. If nets were size-selective based on their mouth area then we would have expected to see a higher proportion of larger individuals in our pelagic net, which was not the case. Studies on benthic/ pelagic gear comparisons are rare, but a recent comparison between large and small diameter nets used to sample pelagic Mysis revealed no difference in catch rates or composition (Silver et al., 2016) . Measuring the efficiency with which each gear type samples its respective habitat would greatly improve our ability to estimate the percent on bottom, ultimately leading to refined theories on partial migration behavior and more holistic population assessments.
Mysid abundance is monitored in many lakes using pelagic sampling at night. Recent pelagic surveys estimated Mysis accounts for~30% of pelagic crustacean biomass in offshore Lake Ontario (Watkins et al. 2015) , and in Lake Superior, a population of 9.9 trillion individuals was estimated (Pratt et al. 2016) . Both the Lake Ontario and Superior estimates are based on night-pelagic sampling of the population during DVM, and could be conservative estimates if migration is only part of the picture as we found in Lake Champlain. If even a small proportion of a Mysis population does not migrate at night, that proportion still represents a substantial biomass component in many lakes as indicated by their importance in food web models as both predators of plankton and a key prey to most fish species (Kitchell et al., 2000; Stewart and Sprules, 2011; Isaac et al., 2012) . Further evaluation of the factors predicting the proportion of Mysis populations remaining benthic at night, when pelagic surveys are performed, will allow researchers to better account for sampling biases associated with pelagic methods that miss benthic individuals.
C O N C L U S I O N S
In summary, our results represent a step towards evaluating Mysis DVM in the context of partial migration by including benthic distributions with the often-studied pelagic distributions. Our findings suggest Mysis undergo an ontogenetic shift in DVM behavior from using the pelagic environment as juveniles to a greater reliance on benthic habitat with increasing size. Further, our results suggest depth-specific differences in DVM behavior should be considered when constructing conceptual frameworks of Mysis DVM. We suggest that bottom depth and other factors such as water transparency and light, interact to influence the extent to which Mysis populations exhibit complete benthic-pelagic DVM. Improvements in benthic and pelagic sampling methods that incorporate a vertically stratified sampling approach, and simultaneous sampling of benthic and pelagic habitats, will ultimately lead to greater insights regarding Mysis DVM behavior and improved estimates of population size and biomass.
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